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Abstract 

 

Accelerator mass spectrometry (AMS) is a mass spectrometric method for quantifying rare isotopes. It has 

had great impact in geochronology and archaeology and is now being applied in biomedicine. AMS 

measures radioisotopes such as 3H, 14C, 26Al, 36Cl and 41Ca, with zepto- or attomole sensitivity and high 

precision and throughput, enabling safe human pharmacokinetic studies involving: microgram doses, 

agents having low bioavailability, or toxicology studies where administered doses must be kept low (<1 

µg/kg). It is used to study long-term pharmacokinetics, to identify biomolecular interactions, to determine 

chronic and low-dose effects or molecular targets of neurotoxic substances, to quantify transport across the 

blood-brain barrier and to resolve molecular turnover rates in the human brain on the timescale of decades. 

We will here review how AMS is applied in neurotoxicology and neuroscience. 
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Introduction 

 

The use of radioisotopes has a long history in biochemistry [1, 2]. Accelerator mass spectrometry (AMS) is 

an exquisitely sensitive mass spectrometric method for measuring rare isotopes, especially radioisotopes. 

The technique is primarily applied in geochronology to date samples using long-lived radioisotopes that are 

detected independent of their decay products or half-life. In the last decade, AMS also emerged as a 

sensitive tool for bioanalytical tracing, quantitating isotope concentrations to parts per quadrillion (1 in 

1015) [3]. This translates to zepto- to attomoles of the isotopically labeled compounds in micro- to 

milligram samples. Even smaller samples, down to single eukaryotic cells [4], are experimentally feasible 

with the addition of a well-characterized carrier or unlabeled cells. In conventional mass spectrometry, 

isotopic concentrations below 1 part in 107 cannot be reliably measured due to interferences from atomic or 

molecular isobars. Accelerator mass spectrometry has superior concentration and mass detection limits to 

that of liquid scintillation counting [5]. Moreover, where there are many mass spectrometric techniques for 

relative quantitation, AMS is absolutely quantitative. 

 

A significant number of rare isotopes are measurable by AMS, such as 3H, 14C, 26Al, 36Cl, 41Ca, and 

numerous isotopes of heavier elements [6]. This paper briefly reviews how 14C-AMS is applied to 

biomedical problems in general and neuroscience in particular. It will focus on the analyses of 14C in 

biological tissues and the use of 14C-labeling since it is most mature of the AMS isotopes and measurement 

is routine. AMS is also applied in neuroscience for 26Al analysis in brain, recently reviewed by Yokel and 

McNamara [7]. Although 3H-labeling is well established and chlorine and calcium are of great interest, 

AMS is not yet applied in neuroscience using these isotopes. 

 

 

Carbon-14 Accelerator Mass Spectrometry 
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Biological samples containing 0.2 – 5 mg C in almost any shape, form and composition are placed in quartz 

tubes with excess copper oxide (CuO), evacuated, sealed, and combusted to CO2. The CO2 is then reduced 

to solid carbon, e.g. fullerene or graphite using a cobalt or iron catalyst [8-10]. This process is independent 

of the chemical nature of the sample, and eliminates interference or suppression from other sample 

components. However, any information on the chemical nature of the 14C-containing species is lost in this 

step and must be obtained prior to combustion to CO2. When studying the metabolism of a labeled 

molecule or using ambient 14C or metabolic labeling, this information may have to be recovered by other 

means, e.g. though specific extraction, separation [11, 12], affinity capture [13], or addition of unlabeled 

standard(s) followed by an analytical method for chemical identification (e.g. mass spectrometry or nuclear 

magnetic resonance). Accelerator mass spectrometry is an isotope ratio mass spectrometry technique where 

14C/13C ratios of unknowns are normalized to measurements of identically prepared standards of known 

isotope concentration [4]. Like mass spectrometric methods for relative quantitation based on stable-isotope 

labeling or metabolic incorporation [14, 15], absolute efficiency need not be determined.  

 

The carbon from the reduced sample is pounded into cylindrical target cathodes, which are mounted in a 

64-sample wheel and placed inside a cesium sputter ion source. Atomic Cs vapor is produced from a heated 

cesium reservoir and sprayed onto a heated ionizer surface, producing Cs+ ions that are accelerated towards 

the target held at –8 kV. The Cs+ ions sputter carbon atoms and ions from the target that are ionized to C- 

ions as they pass through a condensed cesium layer on the cathode. Negative ions at m/z 13 (13C-) and 14 

(14C-) are pulsed through an injection magnet into a tandem electrostatic van der Graaff accelerator (Figure 

1, see also Ognibene et al. [16]). Negative C- ions are accelerated towards the high voltage terminal (+518 

kV) in the center of the accelerator where they are converted to positive ions, C+ being the most abundant, 

in an argon gas electron stripper (Figure 1). The positive ions are repelled toward the high energy exit of 

the accelerator held at 0 V. 13C+ and 14C+ ions are separated by momentum using a high-energy analyzing 

magnet (Figure 1). The beam currents of the abundant stable isotopes 12C and 13C are measured in Faraday 

cups.  The 12C cup is positioned after the injection magnet and before the accelerator while the 13C cup is 

positioned between the analyzing magnet and the 90° electrostatic spherical analyzer (ESA). The 14C+ ions 

are energy analyzed and focused in the ESA, detected and counted by a silicon surface barrier particle 
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detector using total energy deposition per ion to set the measurement gate. Molecular isobars at m/z 14, 

such as 13CH- and 12CH2
-, are the most abundant mass 14 ions and also pass through the injection magnet 

but dissociate in the electron stripper within the accelerator. 14N- ions decay on a femtosecond timescale 

and do not interfere with the analysis. 

 

The normalized 14C concentrations are easily converted into mol 14C per gram carbon, becquerel (Bq) per 

gram carbon, or any other convenient unit. Since AMS was first applied to 14C-dating, the Modern unit is 

often used. One Modern is defined as the radiocarbon activity of a sample of 1950 AD wood growing in the 

northern hemisphere, 13.56 dpm per gram carbon, which is equivalent to 6.11 fCi/mg or 97.8 amol 14C/mg 

carbon. This is the atmospheric 14C concentration due to cosmic radiation. Since the mid-19th century, two 

anthropogenic sources have significantly changed the atmospheric 14C levels; the burning of fossil fuels 

(decreasing the 14C concentration) followed by the atmospheric nuclear weapons tests, doubling the 

concentration of 14C in the atmosphere by 1963. This excess 14C continues to dissipate into the oceans with 

a half-life of 15 years, and the current atmosphere has a 14C concentration of 1.04 Modern. This rapid 

increase and subsequent dissipation of atmospheric 14C, known as the “bomb pulse” (Figure 2), can be used 

to measure age or molecular turnover rates on the time-scale of years or decades in organisms that have 

lived after the 1960’s [17-19]. This is of particular interest in neuroscience since turnover rates in the 

human brain and deposition rates of pathological structures extend to these time scales [20, 21], or the 

lifetime of the organism. The use of 14C to determine the age of biological samples assumes an organism’s 

biosynthesis is in isotopic equilibrium with its carbon source(s) [22-24]. Since the 14C concentration 

intercepts the bomb curve at least twice, dates derived by this method are ambiguous and resolving this 

ambiguity requires additional information.  

 

Specific binding to, or concentrations of 14C-labeled molecules in isolated neurological components require 

quantitation of the unlabeled molecular interaction partner (e.g. a protein) or the amount of carbon in the 

sample. We recently introduced a general method based on ion energy loss for this purpose [25]. This 

method based on a commercially available alpha spectrometer has a lower sample mass limit of ~100 ng 

and unlike spectrophotometric methods it is independent of the functional groups on the quantified isolate. 
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This technique permits quantitative isotope dilution for the very small samples often incurred in 

neurological dissections. 

 

 

 

Insecticides and Blood-Brain Barrier Permeability 

 

Organophosphates, such as diisopropylfluorophosphate (DFP), are frequently used as insecticides. 

Diisopropylfluorophosphate has previously been used as an experimental agent in neuroscience for its 

ability to inhibit cholinesterases and induce delayed peripheral neuropathy [26] and as an ophthalmic 

cholinesterase inhibitor in glaucoma treatment [27, 28]. Accidental exposure can have severe acute and 

chronic consequences [29, 30]. There are also reported chronic effects from repeated low-dose exposure 

[31, 32]. The sensitivity of AMS enables study of low-level (sub-toxic) exposure to acutely toxic 

compounds in vivo (DFP has an oral LD50 in rat of 1.3 mg/kg).  

 

The effect on the permeability of the blood-brain barrier (BBB) to low doses of pesticide mixtures was 

investigated using [14C]-DFP as a quantifiable probe of effects due to unlabeled parathion (PTN), 

permethrin (PER) and pyridostigmine bromide (PYB) separately and in conjunction [33]. CD2/F1 male 

mice received 1 µg/kg PTN, PER, PTN+PER, or blank carrier all with and without 50 µg/kg PYB in moist 

food through a 5-day fast/feed cycle. On day 6, Four mice per group received 1 µg/kg [14C]-DFP (2 nCi 

14C) in moist food. Dry food and water were then available ad libitum for 48 h and mice were sacrificed by 

CO2 asphyxiation according to AAALAC guidelines [34]. Blood, skeletal muscle, liver, spleen and brain 

were harvested and 14C content measured by AMS.  Soluble [14C]-DFP was removed from the left 

hemisphere of each mouse brain using a series of cell disruptions, washes and centrifugations. PYB showed 

an overall protective effect against tracer binding in plasma, red blood cells, muscle and brain that is not 

explained by competitive binding, due to the low concentrations used. The protective nature of PYB in 

brain did not fit a dose-dependent extrapolation from higher dose studies [35]. Induction of a protective 

esterase activity in another tissue that lowered plasma DFP, and consequently, brain DFP, is consistent with 
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our observations, as is decreased DFP bioavailability due to increased intestinal peristalsis. The induced 

enzyme had to be specific to DFP and not effect PTN and PER, however, since pre-exposure to these 

increased DFP binding. Both PTN and PER induced a 25-30% increase in the amount of tracer reaching the 

brain with or without PYB. Overall binding of DFP in brain tissue increased with pre-exposure to PTN and 

PER and decreased with pre-exposure to PYB. Individual protein binding was not pursued in the original 

study. Proteins in brain tissue and plasma from DFP-treated mice have subsequently been separated with 

SDS-PAGE and IEF (Figure 3). The increase in brain-bound DFP observed at 48 h could be due to either 

increased absorption of DFP or greater retention. The vast majority of the dose DFP was excreted in urine 

within 48 h, and we did not observe changes in levels of DFP in other tissues to balance the changes in the 

brain The oral doses of the pesticides used in the study were similar to those found in foods, drinking of 

surface waters, or home pesticide use.  If the increase in brain DFP level is due to increased permeability of 

the BBB, other toxins or pathogens might also induce increased BBB permeability with low pesticide 

exposure.  The high sensitivity of AMS allowed the probing of specific biochemical pathways using 

physiologic doses, which did not perturb the natural system of the model animal.   

 

We showed that identification of the target enzyme or receptor is amenable to common protein separation 

and identification methods, such as gel electrophoresis and mass spectrometry [11, 36, 37]. Uniform gel 

slices from isoelectric focusing or SDS-PAGE gel electrophoresis are dried and combusted for AMS 

analysis, superimposing 14C-traces on the separated proteins [11, 36]. Figure 3 illustrates the use of 

standard proteomic techniques to assist identification of binding partners, in this case DFP in mouse 

plasma. The intensity in the “virtual gels” is the 14C count from AMS. The gel itself provides the carbon 

carrier. If the quantity of the protein is known or can be measured, the specific binding of the 14C-labeled 

molecule can be determined. 

 

After the emergence of Gulf War Syndrome in veterans of the 1991 Gulf War, synergistic exposures to 

combinations of esterase inhibitors were a hypothesized contributor. We used AMS to examine the effect 

of chronic exposure to PYB (7.75 mg/kg/day in chow) on acute doses of 14C labeled PER (4.75 µg/kg IP). 

At 1 hr after dosing, the amount of PER in brain and spinal cord was reduced by 30% for animals receiving 
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PYB. At 24 h, there was no difference in PER in the brain but the spinal cord had 70% less PER with PYB 

exposure. The levels of PER in the plasma was the same for each dose group [38]. The sensitivity of the 

measurement was pg/g PER equivalents in dissected tissue. Since PER and PYB are not direct competitors 

for enzyme binding, and the quantified effect is too large for competitive inhibition at these doses, a 

physiological effect such as decreased bioavailability is again suggested. 

 

 

Turnover, Alzheimer’s Disease and Carbon-14 Dating on the Bomb Curve 

 

It is estimated that more than 90% of degenerative dementias are proteinopathies, i.e. caused by abnormal 

protein aggregation [39]. In Alzheimer’s disease (AD), these are primarily different amyloid beta (Aβ) 

peptides and a hyperphosphorylated form of the tau protein [40], whereas alpha-synuclein is implicated in 

Parkinson’s disease, Dementia with Lewi Bodies and other forms of dementia [41, 42]. Although numerous 

contributing factors have been identified, the etiology of these diseases is generally poorly understood. 

 

The bomb pulse of 14C (Figure 2) was used to determine the average date of formation of the major 

histopathologic features in Alzheimer’s disease (AD) brain: extracellular senile plaques (SP), composed 

primarily of amyloid beta peptide, and intracellular neurofibrillary tangles (NFT), composed of paired 

helical filaments containing hyperphosphorylated tau protein. Both are filamentous and essentially 

insoluble proteins [40]. The changing 14C level of contemporary carbon was also used to determine the 

carbon “age” of normal brain tissue (1.4 years). The SP and NFT structures have a much slower carbon 

turnover rate than normal tissue and are not in a formation/degradation equilibrium. Bulk tissue samples 

used for isolation of NFT and SP fractions consisted of single cerebral hemispheres from which most of the 

occipital cortex, basal ganglia and thalamus were removed. The samples were taken at autopsy from six 

AD subjects from 1994 to 1998. A detailed description of the isolation procedure is available [43]. Isolated 

SP and NFT were oxidized to CO2 and reduced to graphite using the high precision individual reactor 

method employed for radiocarbon dating, so that samples containing as little as 20 microgram carbon could 
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be measured [44] (all other samples discussed herein were sufficiently large to be processed by the high-

throughput method described by Ognibene et al. [10]).  

 

The average age of isolated SP and NFT was significantly greater than normal tissue from the same 

subjects (SP by 9.8 ± 4.9 years and NFT by 9.4 ± 3.8 years). A clear and consistent pattern of formation of 

NFT and SP could not be formulated from this small number of analyzed subjects, but in 4 out of 6 cases, 

average SP or NFT or both predated the onset of symptoms by as many as 9 years. Some samples produced 

insufficient amount of carbon for successful measurement by AMS. We expect that more efficient isolation 

techniques that can accommodate smaller specimens from specific brain regions will produce more 

consistent patterns of formation. Such studies could provide valuable information on the etiology and 

progression of AD and other neurodegenerative proteinopathies. 

 

 

Conclusions and Future Outlook 

 

Accelerator Mass Spectrometry is a proven sensitive and robust method for quantifying rare isotopes in 

biological systems. It is currently expanding into early pharmacokinetic studies in humans using microgram 

doses [3]. It is applicable to the study of blood-brain barrier transport of minute quantities of labeled 

compounds. While 14C-AMS is extremely versatile, AMS provides exquisite sensitivity for other rare 

isotopes as well. Aluminum uptake and transport across the BBB has been investigated using 26Al-AMS 

and microdialysis [45, 46]. Calcium, its concentration, spatial localization and dynamics are important in 

many neuronal processes, such as signaling, long-term potentiation and depression [47, 48], dendrite [49] 

and spine formation [50]. Although very sensitive fluorescent methods for quantifying [Ca2+] in vivo and in 

real time are well established [51, 52], they require careful calibration and cannot directly distinguish 

between different sources of Ca2+. Furthermore, the Ca2+-sensitive dyes add a significant exogenous buffer 

capacity and distort the amplitude, time course and spread of [Ca2+] signals [51]. High-throughput calcium-

41 measurement by AMS have recently been demonstrated by Hillegonds et al. [53]. The routinely 

achievable limit-of-quantitation in these measurements is 10 amol of 41Ca. Although this method cannot 
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compete at present with the sensitivity or the spatial and temporal resolution of fluorescence methods, it 

may be applicable as an absolute reference for the fluorescent dyes and for labeling a specific pool or pulse 

of calcium during an experiment. Since 41Ca can be quantitated at 41Ca/40Ca isotope ratios down to 10-13 

[53], miniscule amounts of 41Ca could be measured in an abundance of stable calcium isotopes. 

 

Given the present trend towards smaller [16], less expensive and integrated AMS-systems for carbon-14 

and other isotopes, we believe a technique as sensitive and versatile as AMS will have increasing utility in 

neuroscience and other biomedical disciplines. 
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Figure Captions 

 

Figure 1. Schematic drawing of the National Electrostatic Corporation model 3SDH-1 1 MV Pelletron® 

tandem accelerator dedicated to biomedical analyses of 3H and 14C at the center for accelerator mass 

spectrometry and part of the NIH national research resource for biomedical AMS. 

 

Figure 2. Atmospheric nuclear weapons tests in the 1950’s and 1960’s added significant amounts of 14C to 

the environment. This ”bomb curve” can be used for dating recent biological material. Superimposed on the 

bomb spike is the addition of 14C-depleted CO2 from burning fossil fuels. Data from the northern 

hemisphere: Black Forest (triangles) [54] and Sweden (circles) (Buchholz et al., unpublished data). The 

∆14C is the deviation from the Modern standard (see above). * The age of the biological material is 

calculated assuming the organism’s biosynthesis is in isotopic equilibrium with its carbon sources. 

Choosing between the two dates requires additional data. 

 

Figure 3. Measurements of adsorption and distribution of 14C-labeled drugs or toxins and identification of 

target protein(s) are compatible with established methods in proteomics, such as gel electrophoresis. Shown 

here are two “virtual gel” [14C]-DFP traces in isoelectric focusing (IEF) and subsequent sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) of the pI range 5.2-5.9 in the same mouse 

plasma. The molecular weights of the major bands in this pI range are consistent with monomers and 

dimers of esterase 1 (carboxylestaerase) (61 kDa), butyrylcholinesterase (69 kDa) and paraoxonase (K-45) 

(45 kDa). (Human) butyrylcholinesterase has been shown to display a smear in from pI 4-5.7 IEF [55] and 

esterase 1 and paraoxonase are both predicted to be within the selected pI range. These proteins are all 

known to strongly bind organophosphates such as DFP. If sufficiently abundant, the proteins could be 

identified by in-gel enzymatic digestion, mass spectrometry and peptide mass fingerprinting. Definitive 

identifications may require further separation. The total 14C in these bands are in the low attomole range. 
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